To examine whether patients with glaucoma exhibit differences in visually guided reaching-and-grasping (prehension) behavior compared with normally sighted control subjects. METHODS. Sixteen patients with glaucoma and 16 control subjects with no ocular disease participated. Participants were required to reach out and precision grasp one of two cylindrical objects placed on a table top in front of them in laboratory conditions in three viewing conditions (binocular, right eye alone, left eye alone). Lightweight reflective markers were placed on the subject's preferred hand for recording its movement in three-dimensional space. Three motion capture units recorded the motion of these markers as the subjects reached out and precision grasped household objects. Various indices of prehension planning, execution, and control were quantified. Visual fields (VF) were measured using standard automated perimetry generating monocular mean deviation (MD) scores. Binocular VF sensitivity was estimated by using the integrated visual field (IVF). Stereoacuity was measured with the Frisby stereoacuity test. Significant differences in prehension movement between patients and control subjects in each viewing condition were investigated, and associations between prehension kinematics and VF sensitivity were examined. RESULTS. The patients and control subjects were of a similar age (median They also showed statistically significant delays in average movement onset (MO: ϳ100 ms delay, Mann-Whitney U test P Ͻ 0.0001) and overall movement time (OMD: ϳ140 ms delay; Mann-Whitney U test P Ͻ 0.05), suggesting impairments in initial movement planning and control. Deficits were exhibited in the reaching component, with data suggesting that glaucomatous patients made more tentative movements when reaching for the object. These deficits correlated with both increasing severity of VF defect and impaired stereoacuity.
G laucoma is the leading cause of irreversible blindness in the world. 1 It affects 1% of persons older than 40 years and 5% of those 65 years of age, increasing in prevalence with advancing age. 2 A triad of tests is used in the diagnosis and monitoring of progression of the disease: assessment of optic nerve head structure, measurement of intraocular pressure, and measurement of VFs, usually by standard automated perimetry. The latter test is considered by many to be the gold standard for assessing the severity of glaucoma. These quantitative measures provide the clinician with information regarding patient prognoses and management requirements, but they are clinician-based measures of disease severity and, as such, probably provide little indication of the true level of patients' functional ability and hence their vision-related quality of life (QoL).
Understanding the effects of ophthalmic disease on an individual's ability to function on a day-to-day basis remains a challenge for the clinician. Several vision-specific QoL questionnaires exist that require patients to evaluate their visual disabilities. The results of studies employing these instruments have been contradictory, with some showing a modest association between perceived visual disability and the severity of binocular VF loss in later stages of the disease, 3, 4 and others finding only a weak correlation. 5, 6 It is known that individuals with similar levels of disease severity report very different QoL experiences. 7 Thus, although QoL questionnaires may serve as interesting adjuncts to the assessment of patients' functional ability, more objective methods of assessment are necessary to formally examine how well they perform visually demanding tasks that are relevant to their everyday life experiences.
Performance-based testing is not new to ophthalmology. In several studies, investigators have looked at the impact of glaucoma on patient mobility 8 and the ability to drive. 9, 10 Performance-based testing has also been used to assess the effects of the ageing process on visual abilities in the elderly 11, 12 and to assess the functional abilities of patients with low-vision [13] [14] [15] or glaucoma. 16 However, these assessments require a trained technician to observe the patient performing the set task and to score the patient's ability to execute that task efficiently.
The act of reaching out to grasp an object is a basic visually guided task that is performed many times during the day. Visual information about the object's spatial location is necessary for fast and accurate reaching, while a detailed assessment of the object's intrinsic properties (e.g., size, shape, and weight) is needed to preshape the grasp posture and to select the most appropriate contact points for stable grip application. These eye-hand coordination skills have been shown to be mediated by the dorsal stream, or the vision-for-action pathway, which runs from the occipital to the posterior parietal cortex and normally involves aspects of spatial vision that may be defective in patients with glaucoma. 17 It has been shown that peripheral VF losses result in a decrease of space perception accuracy 18 and that patients with ophthalmic diseases that reduce the extent of the binocular VF have difficulties with mobility. 19, 20 Investigators who have assessed the effects of reaching-and-grasping performance in impaired visual conditions have artificially reduced vision in normal subjects [21] [22] [23] [24] or have studied patients with vision loss after cortical lesions 17 or congenitally blind persons. 25 The results of these studies have revealed specific impairments in either the reaching or grasping component, depending on whether visual losses are peripheral or central.
The purpose of this study was to examine how visually guided reaching-and-grasping behavior differs in patients with glaucoma compared with that in age-matched, normally sighted control subjects. We hypothesized that patients with glaucoma who have VF loss would exhibit deficits in reaching performance, whereas grasping characteristics would remain unchanged.
METHODS
Thirty-two subjects were enrolled in the study: 16 adults with stable primary open angle glaucoma (POAG) and 16 control volunteers with no history of ocular disease. Patients with POAG were recruited from the Glaucoma Research Unit at Moorfields Eye Hospital, London. Stable POAG was defined as an unchanged VF over the previous 18 months, as determined using point-wise linear regression of VF sensitivity over time (Progressor; Moorfields Eye Hospital, London, UK/Medisoft Ltd., Leeds, UK; see the Visual Field Assessment section immediately following). To be included in the study, participants had to have a monocular visual acuity of 6/12 or better in each eye, exhibit no manifest deviation on a cover test, and show a gross level of stereoacuity (Wirt Fly test, suggesting a stereoacuity of at least 1000 seconds arc [sec arc]). Stereoscopic visual acuity was later further quantified by using the Frisby stereotest (Clement Clarke International Ltd, Essex, UK) according to the instructions of the manufacturer. Briefly, the test consists of three plates of Perspex of varying thickness on which are printed a random pattern of shapes in four quadrants. A circular pattern is printed on one side of each plate in a single quadrant; thus, each plate presents a different disparity cue that varies further with viewing distance. The plates are presented perpendicular to the subject's viewing axis at different distances, between 30 and 80 cm, and the subject is asked to report which of the quadrants contains the circular target in depth. The study had the approval of Moorfields Eye Hospital Research Governance and the Department of Optometry and Visual Science at City University Research Ethics Committee, and local research ethics committee approval was obtained before commencement of the study. Informed consent, according to the tenets of the Declaration of Helsinki, was obtained from each subject before examination. All tests were performed in the reach-and-grasp laboratory at the Department of Optometry and Visual Science (City University, London).
VF Assessment
All participants underwent VF perimetry (Humphrey Field Analyzer [HFA]; Carl Zeiss Meditec, Inc., Dublin, CA) SITA standard threshold 24-2 VF test on both eyes. Mean deviation (MD) scores were recorded for each eye, and a binocular VF score was generated by the Integrated Visual Field feature of the Progressor software (Moorfields Eye Hospital/Medisoft Ltd.) that was applied to monocular VF data from the HFA. The software combines data from each monocular HFA field to produce a simulated binocular VF in which patients' best point-by-point sensitivity is displayed (Fig. 1) . 26 -28 For group comparisons of monocular data, participants' eyes were classed as better eye or worse eye based on the VF MD score.
Reach-and-Grasp Kinematics
The procedures adopted for quantifying reach-and-grasp kinematics were identical with those adopted by Melmoth and Grant. 29 In brief, the experimental workspace consisted of a black, matt table illuminated uniformly from above. Three motion-capture units (ProReflex; Qualisys AB, Gothenburg, Sweden) triangulated the workspace from approximately 2 m above the table (Fig. 2a) . Three lightweight infrared (IR) reflective markers of approximately 7 mm diameter were placed on the participant's preferred hand for recording its movement in three-dimensional space. One marker was attached to the wrist with a Velcro strap and two were placed on the opposing distal borders of the thumbnail and index fingernail (Fig. 2b) . Movements of the IR markers were tracked by the motion-capture units and recorded directly by a computer-based system. Viewing conditions were controlled by liquid crystal goggles (Plato; Translucent Technologies, Toronto, ONT, Canada) that permitted either a full binocular view of the task or restricted the participant's vision to one or the other eye. Movement recording onset and termination were synchronized with the opening and clos-FIGURE 1. Integrated VF: the monocular sensitivity scores from the right and left eyes are combined to generate a binocular simulation, the sensitivity values of which are based on the sensitivity of the better eye at each location. The scoring is based on the simulated field sensitivity values: Any point with a sensitivity value Յ 20 dB is assigned a score of 1, and any point Յ 10 dB is assigned a score of 2. In the example, there are 18 points in the binocular field with a sensitivity value Ͻ 10 dB and 3 points with a value Ͻ 20 dB (not highlighted), and therefore the IVF score is 39 (of a possible 104). 29 An established recording protocol was used for measuring reachand-grasp movements. 29, 30 Participants were required to reach out and precision grasp one of two high-contrast, cylindrical household objects of different sizes placed at one of four different locations, using binocular vision or the left or right eye alone. Objects were of approximately 100 mm in height and consisted of either small (24 mm)-or large (48 mm)-diameter, positioned in one of two near (200 mm) or far (400 mm) positions located 10°from the start position in either the ipsilateral or contralateral hemispace relative to the reaching hand. Participants were instructed to make swift, natural reaches to pick up the object, using the thumb and index finger only, as soon as the goggle apertures opened. Viewing condition, object size, and object position were presented in a randomized order, with participants masked to object placement at the start of each recording.
Participants performed 12 reach-and-grasp movements (three times for view, 2 times for object size, and two times for position) in separate trial blocks, and 10 trial blocks were recorded with brief rest periods between each block. Participants were given a practice run of 6 to 10 trials before the start of the recording protocol to familiarize themselves with the procedure. In total, 120 reach-and-grasp movements were recorded for each participant.
The movement variables quantified were separated into three distinct components: the general kinematics of the movement, aspects of the reaching component, and characteristics of the grasping component. General kinematics included the time taken to start the movement (MO) representing movement planning and initiation time, and the overall movement duration (OMD) giving an index of the efficiency of task execution. Reach dynamics (or the transport component) quantified included the maximum velocity of the movement (peak velocity [PV]), the times to peak velocity (ttPV) and peak deceleration (ttPD), and the time spent in the final approach to the object (the time from peak deceleration to object contact, or the low-velocity phase; LVP). The PV, ttPV, and ttPD reflect aspects of movement planning, and the low-velocity phase describes the control of the movement once the hand has left the starting position, otherwise termed the online control of the movement. The grasp dynamics and accuracy recorded included the grip size at preshaping (width of peak grip aperture [PGA]) and time to reach peak grip aperture (ttPGA), which characterize movement planning, and the time spent closing (grip closure time [GCT] ) and then applying the grip (grip application time [GAT]), which indicate movement control. To examine whether there were any differences in the spatial awareness of object location between subject groups, the grip size on initial object contact (GOC) and the overall movement path length were also measured. (Videos of movements can be seen at: http://www.w3media.co.uk/aal/wholemovement. wmv/ and http://www.w3media.co.uk/aal/reach&grab.wmv).
Supplementary Tests
Although the objects used in the experimental setup consisted of simple cylindrical objects, it is possible that the grasp component of the movement was influenced by differences in manual dexterity between patients. Therefore, manual dexterity was assessed with ABIL-HAND, a 23-item validated questionnaire that assesses a person's ability to perform tasks of daily living that require a degree of manual ability (e.g., squeezing toothpaste onto a toothbrush or buttoning up a shirt). 31 The results of the questionnaire were entered onto the ABIL-HAND Web site (http://www.rehab-scales.org/), and after a Rasch analysis, a single numerical score was generated. Scores ranged from 0, indicating severe difficulty, to 6, indicating no difficulty with manual tasks.
Details of ␤-blocker medication (systemic and topical) were also collected from each participant.
Data Analysis
Each participant undertook 120 reach-and-grasp movements, generating 10 repetitions for each permutation of the viewing condition (binocular, right eye, left eye), object size (small, large), and object position (near, far). For each participant, the median response of these 10 repetitions was calculated for all kinematic parameters studied. Comparisons of these values between the patient sample and control sample were made by using a nonparametric test (Mann-Whitney U test), thus making no assumptions about the normality or magnitude of variance exhibited by the sample estimates. These comparisons were also made for the three different viewing conditions. The correlation between movement kinematics and degree of VF defect severity, stereoacuity, and patient age was assessed by Spearman's rank correlation (SPSS, ver. 14.0; SPSS Inc., Chicago, IL). Table 1 summarizes the demographic data of both patients and control subjects. To compare patient and control prehension kinematics in monocular viewing conditions, we divided the VFs of all participants into better eye or worse eye, based on the MD of their VFs. However, although there were subtle intereye differences in MD, all control subjects had full VFs with no abnormality on the Glaucoma Hemifield Test. Each subject group consisted of 15 right-handed persons and 1 left-handed individual. In each case, the participant's preferred hand was used for reaching and grasping.
RESULTS

General Findings
In all three viewing conditions, the patients showed statistically significant delays in average MO when compared with the control subjects. They exhibited significant delays in overall average OMD times compared with the control subjects in monocular viewing conditions, but although OMD was also slower in binocular viewing conditions, the average differences did not reach significance (Figs. 3, 4 ).
There were minimal differences between the patients and control subjects in reach planning, illustrated by the similar PVs and ttPVs, and PD between subject groups. However, when reaching for the more distant object, patients exhibited statistically significant slower average LVPs, suggesting a deficit in online control of the movement (Fig. 5) . The path length when reaching for the object at both near and far locations were similar between groups, suggesting that the patients had no deficits in spatial awareness of object location. There were no statistical differences in the grasping component between the patients and control subjects, although the patients displayed slightly delayed ttPGA and GCT compared with the control subjects. PGA size, size of GOC, and GAT were similar between groups (Fig. 6) .
Actual data for prehension kinematics for each group are provided in Tables A1 to A3 in the Appendix.
Relationship between Movements and VFs, Stereoacuity, and Age. Table 2 illustrates the Spearman's correlation between the degree of VF defect severity, participant age, and stereoacuity and movement kinematics. Patient and control data were pooled for these analyses. In binocular viewing conditions, the subjects with worse VF defect severity (defined as higher IVF score) reached maximum speeds (ttPV) and decelerated their hands (ttPD) earlier in the reach movement, suggesting an initial misestimation of object location. The subjects with worse stereoacuity displayed longer LVPs, suggesting a more tentative final approach to the object. There were no correlations between subject age and prehension kinematics.
Patient Examples. The results suggest that the patients with glaucoma exhibited differences in reaching performance compared with control subjects, particularly in the online control of movements, although the data show a large amount of intersubject variability. The following three patient examples highlight kinematic differences between patients with glaucoma that require further exploration. Table 3 displays the kinematic data for each example in comparison with control and patient group medians.
Example A: Advanced Binocular VF Loss
The patient was a 75-year-old woman, with right eye MD Ϫ12.6 dB, left eye MD Ϫ16.5, IVF score 34, stereoacuity 55 sec arc. Patients and control subjects were of similar ages, and both groups had an even mix of the sexes. Subjects with glaucoma displayed an asymmetry in VF defect, characteristic of the condition. However, the degree of binocular overlapping defect in this group was relatively small (median score, 3 of a possible 104). There was only a slight decrease in stereoacuity in the patient group compared with the control group. The ABILHAND results suggest no between-group differences in manual dexterity. More subjects in the patient group were on ␤-blocker therapy. FIGURE 3. Differences in MO times between the patient (;) and control (Ⅺ) groups in each viewing condition. Midline represents the median, boxes show the 25th to 75th percentiles, and error bars show the 5th and 95th percentiles. The patients were significantly slower to initiate the movement than were the control subjects. *Significant differences at P Ͻ 0.0001.
FIGURE 4.
Differences in overall movement duration between the patient (;) and control (Ⅺ) groups in each viewing condition. The plots are as described in Figure 3 . The patients took longer to complete the movement than did the control subjects. *Significant differences at P Ͻ 0.05.
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Despite having a severe binocular overlapping defect, she showed few deficits in her reaching and grasping of table top objects, as shown in Table A3 in the Appendix which compares her kinematic data compared with control group and patient group medians. Examination of her VF plots revealed a dense superior hemifield defect with a relatively intact central inferior field (Fig. 7) . We may speculate that having a field defect in the superior location would have little effect on the ability to perform table top reaching tasks.
Example B: Minimal Binocular Field Loss
The patient was a 73-year-old woman, with right eye MD Ϫ2.2 dB, left eye MD Ϫ12.3 dB, IVF score 2, and stereoacuity 55 sec arc. Her MO was within the limits of the control group data, but she exhibited deficits in movement planning and online control, illustrated by the slower PV, ttPV, and ttPD, and longer duration of LVP, suggested a more tentative approach in reaching for the object. She also displayed a delayed time to PGA, particularly with the small object, and longer GAT with both objects. These data suggest that she had difficulty and uncertainty with object localization despite having a minimal overlapping VF defect. Examination of her VF plots revealed a dense midperipheral inferior defect in one eye (Fig. 8) . We may once again speculate that an intact inferior VF was important in executing table top tasks and that even a monocular defect in this area would severely affect the ability to perform this task efficiently and confidently.
Example C: No Binocular Field Loss
The patient was a 63-year-old woman, with right eye MD Ϫ3.5 dB, left eye MD Ϫ8.5 dB, IVF score 0, and stereoacuity 40 sec arc. She had a significantly delayed MO and reduced MD time compared with the control group and patient group data. Although ttPV and ttPD were similar, she generally displayed a slower PV and longer LVP duration for both near and far objects, suggesting a more tentative approach in reaching. She also displayed a markedly longer ttPGA and GAT when reaching for and grasping the small object. She had no binocular overlapping field defect, but examination of her VF plots revealed a small, dense inferior nasal central defect in the right eye and a dense upper nasal defect in the left eye (Fig. 9) . In view of her more tentative approach to reaching and grasping, we may speculate that this small inferior field defect close to fixation impeded her ability to locate objects on a table top and that possibly the smaller object was more difficult to see as it fell within the location of her field defect.
DISCUSSION
This is the first study to examine the reaching-and-grasping behavior of patients with glaucoma. The results suggest that patients with glaucoma exhibit delays in movement planning and initiation and make slower, more tentative reaches to table top objects particularly at further distances, but show few differences in grasp-posture programming or grip execution compared with normal control subjects.
In both binocular and monocular viewing conditions, the patients exhibited prolonged MO times compared with the control subjects, suggesting an impairment of initial movement planning. A recent study by Geruschat and Turano 32 showed that reaction times (RTs) to a secondary task were slower in patients with glaucoma when undertaking a primary mobility task, and that RTs increased with increasing VF defect. Although in this study, reaching and grasping was the primary (and only) task, the significantly reduced MO in this group may be evidence that patients with glaucoma just react slower, or possibly that significant asymmetries in VF lead to longer neural processing times. These possibilities will be the subject of further study. Of the three patients in the examples, the patient with the most severe binocular IVF score had an MO time that fell within patient group median values. Although the defect was severe, it was confined solely to the upper VF, giving the patient an unimpaired view of the table. In contrast, the two patients with a monocular inferior field loss and minor binocular losses showed distinct delays in MO. It has been shown that patients with advanced binocular VF loss display differences in visual search patterns compared with control subjects, making fewer saccadic eye movements and longer fixations, possibly due to a lack of peripheral stimulation. 33 We postulate that it is not just the severity, but also the location of field defect that has the greatest impact on movement plan-FIGURE 6. Similarities in PGA size between the patient (;) and control (Ⅺ) groups in each viewing condition. The plots are as described in Figure 3 . There are no significant differences between the patient and control groups. However, the patient group exhibits a larger degree of between-subject variability.
FIGURE 5.
Differences in LVP between the patient (;) and control (Ⅺ) groups in each viewing condition. The plots are as described in Figure 3 . The patients exhibited significantly longer LVP times when reaching for the object in the far location. *Significant differences at P Ͻ 0.05.
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ning. Patients take longer to localize a table-top object if it falls within the area of their defective VFs, even if it is present in only one eye, as displayed by patient example C. However, this is the subject of further research.
We found that once the object had been localized, the programmed reach parameters-that is, the PV, ttPV, and ttPD-were similar between the groups. However, Spearman's correlation analysis shows that times to reach PV and PD Data are correlations obtained by Spearman's rho (P). Age had no effect on movement kinematics in binocular viewing conditions. Subjects with worse VF defect reached maximum speeds and deceleration earlier in the movement, whereas subjects with worse stereoacuity displayed longer times in the final approach to the object (i.e., longer LVP). * Significant at P Ͻ 0.01. † Significant at P Ͻ 0.05. Data are median values for binocular viewing conditions only. Patient example A had a severe overlapping defect, but displayed little impairment in reaching-and-grasping parameters. However, patients B and C, who had relatively minor binocular visual field losses, displayed deficits in many aspects of each component.
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IOVS, January 2009, Vol. 50, No. 1 occurred sooner in the movement with increasing severity of VF defect, suggesting an initial misjudgment of object position when it was placed in the far location. Group comparisons illustrated that patients showed deficits in online control of reaching movements, as shown by the longer LVP in the patient group, particularly for objects in the far location (Fig. 5) . The effects of restricting absolute field of view (FOV) on prehension tasks have been studied in young, normal adult control subjects. Using specially designed goggles that permitted only 10°of binocular central vision, Sivak and MacKenzie 21 found an overall longer movement execution time compared with normal, full vision. This effect was explained by delays in the late transport component, with longer post-PD movements suggesting that subjects incorrectly estimated object distance in these restrictive peripheral conditions. Watt et al. 22 performed a similar experiment in five reduced FOV conditions and found a consistent underestimation of object distance which increased linearly with reducing FOV. Loftus et al. 23 have suggested that reducing FOV results in an increased variability in movements and less precision of online control and that degraded visual information leads to more cautious movements.
Increasing object distance from the subject increases the index of task difficulty, resulting in longer movement duration (Fitt's law, cited in Ref. 34) , which explains why the control group exhibited longer LVPs with the object in the far location. The LVP was further prolonged in patients with glaucoma, suggesting a deficit in online control that became more apparent as the object was placed farther away.
Efficient reaching requires precise visual information of the goal object's location within its surroundings, as well as continually updated visual information of the position of the hand relative to the object. 23, 35, 36 A visually rich environment will provide more information regarding the object's position within the scene and relative to the approaching hand, leading to an increased speed and accuracy of reach. Reducing the FOV, degrades the visual information available, leading to a degree of perceptual uncertainty. This in turn, results in a more tentative approach to the object. 23 Our patient group exhibited VF defects of various depths which would have altered the visual information available to execute an efficient reach to the object.
In addition to the severity of VF defect, another factor shown to correlate with reach parameters, in particular the LVP, was stereoacuity. Although there were statistically significant differences in stereoacuity between the two participant groups, it has been suggested that a clinically acceptable level of stereoacuity is 60 sec arc, 37 with up to 100 seconds of arc being classified as stereonormal. 38 Thus, the participants we studied did not fall into the stereodeficient range. However, even with subtle intergroup differences, our analysis showed that the time spent in the final approach to the object (i.e., the LVP) correlated significantly with stereoacuity levels. The effects of binocular vision on prehension have been extensively studied in our laboratory. 29, 30, 39 Recently, prehension movements were characterized in normal subjects who were presented with either a small monocular blur that induced a decrement in binocular stereoacuity or horizontally placed prisms to alter vergence-induced distance information. We found that binocular disparity processing primarily influenced the control of grasp posture and, to a lesser extent, end-phase reaching. In contrast, vergence contributed to aspects of reach planning. 39 In the present study, we found that stereoacuity contributed to the end-phase reaching, but not to grasp parameters, although the latter finding may be explained by the limited range of stereoacuity in the group studied. However, our data suggest that severity of VF defect and deficits in stereoacuity cannot completely explain the differences in prehension kinematics between patients with glaucoma and control subjects.
There were no significant differences in grasping characteristics between the patient and control groups. Sivak and MacKenzie 21 also studied the effects of occluded central vision with unimpeded peripheral vision on reaching and grasping and found that subjects showed earlier times to PGA, wider PGAs, and longer GCTs. They concluded that high-resolution central vision was essential for efficient grasp programming. In their study, all participants had good central acuity (6/12 or better). Previous work has shown that disparity processing is important for grasp planning and control, 29, 30 and in the present study, both patients and control subjects had adequate stereoacuity (median values: 55 seconds of arc in patient group, 40 seconds of arc in control group). Although group differences in grasp dynamics were not found, there was significant variability within the patient group, as highlighted by the three examples. Longer times to PGA and GCTs were found in the two patients with asymmetric monocular VF defects, suggesting an impairment of movement planning and control. We have already speculated that the location of these field defects may lead to perceptual uncertainty of object location, and this is further reflected in these delayed grasp characteristics.
There appeared to be no deficits in spatial awareness of object location and size between the control and patient groups, as illustrated by the similar path lengths adopted and GOC. Another observation from the presented data set is that in binocular viewing conditions, both patients and control subjects performed better than when in monocular conditions, agreeing with previous work from our laboratory and others that have shown an advantage of binocular over monocular viewing for prehension tasks. 29, 40 In all the cited studies examining the effects of VF restriction on reaching and grasping, restriction was introduced to normal subjects, and therefore each case acted as its own control, significantly reducing measurement variability. However, the present study comprised two separate subject groups, with the glaucoma group including patients with various degrees of disease asymmetry and severity. Further sources of intersubject variability may include subject lifestyle and general health issues, particularly within this older age group. The presence of comorbidities, such as diabetes or hypertension, and the use of systemic medication may influence overall general functional ability. In our study, more patients than control subjects were taking ␤-blocker medication, which may account for some of the variability in the results. However, ABILHAND scores suggest that both patients and control subjects had similar degrees of manual dexterity. Other sources of variability may lie in selective attention deficits, or a reduction in a subject's functional field (i.e., their ability to simultaneously process central and peripheral visual information). This useful FOV has been shown to decline with age, 41, 42 and differences in attention processing within and between groups may contribute to the variability of prehension movements observed. It would be useful to measure these additional subject factors in future studies. Although all participants were allowed a practice run of 6 to 10 movement trials before the recordings, it is likely that there were differences in subjects' confidence in performing the test procedure, which would also have contributed to the variability. Furthermore, increasing age brings with it a decrease in manual dexterity and strength, 43 and while differences in subject group ages and ABILHAND scores were not statistically significant, subjects in the glaucoma group were slightly older. The increased withingroup variability of prehension movements displayed by the glaucoma group may in part reflect the slightly older age sampled.
Stereoacuity has been shown to be impaired in patients with glaucoma, with or without VF defects. 44, 45 However, it has also been shown that both monocular and binocular retinal image defocus affect stereoacuity more profoundly than Snellen visual acuity. 46 Thus, although our participants all had relatively good Snellen visual acuity, it is unknown to what extent the impaired stereoacuity in the glaucoma group was caused by the presence of lens opacities that did not affect high-contrast visual acuity, and what decrement was caused by the disease process itself. These differences would also contribute to the within-group measurement variability expressed by the glaucoma subjects. Nonetheless, despite the considerable intersubject variability within the patient group, we detected significant differences in movement planning and online control between subject groups. That the movements were impaired in the presence of asymmetrical VF defects and relatively mild binocular deficits is worthy of note. It challenges the general belief that only patients with advanced disease display defects in functional performance.
A further avenue of research that should be explored is the effect of VF defect location on prehension kinematics. As illustrated by the three patient examples, the effect of VF loss in the inferior hemifield appeared to have a greater impact on prehension movements than did severe superior hemivisual VF loss, perhaps because the task presented was to reach out and grasp a table top object. It has been shown that there is a greater density of ganglion cells in the superior hemiretina 47 and that the inferior VF has a greater sensitivity compared with the superior hemifield. 48 Furthermore, there is evidence to suggest a superior functional performance when visually guided motor actions are performed using the inferior VF. 49, 50 Patients with macular degeneration are found to perform reading tasks much better when using eccentric viewing locations within the inferior hemifield, 51, 52 and inferior hemifield losses are known to affect mobility performance, 53 whereas severe losses increase the risk of motor vehicle crashes. 54 The two patient examples illustrated had inferior losses in only one eye, and we may speculate that in view of the importance of the inferior hemifield for most other visually guided motor tasks, the effect of monocular inferior VF losses may be more profound when asked to perform a table-top task. This requires further study.
The purpose of this study was to examine prehension kinematics in real-world patients with glaucoma-that is, individuals with asymmetric VF deficits of various depths. Our data have shown that the depth of VF defect and differences in stereoacuity cannot fully explain our findings, particularly when we examine individual patient data, where some with marked VF loss exhibit little deficits in prehension whereas others with mild loss appeared severely impaired.
Studies using self-reports of functional ability have assessed the impact of VF losses on the ability to perform daily tasks, finding very modest correlations between task difficulty and depth of VF defect, 55, 56 suggesting that defects in the VF cannot fully explain our patients' experiences with the disease. A criticism of self-reports is that they are subjective measures of disability, in that they rely on patients' assessment of the task's relative difficulty and their perceptions of their ability to perform that task. This study has shown an impairment of actual functional performance in patients with glaucoma, albeit in laboratory conditions. Further work assessing a more homogeneous sample of patients with glaucoma may yield greater information as to how kinematic parameters are affected at the different stages of the disease and whether our current clinical measures of visual disability, such as the VF test, are adequate predictors of the difficulties faced by this patient group. 
